For patients with head and neck squamous cell carcinoma (HNSqCC), the development of squamous cell carcinoma (SqCC) in the lung may signal a new primary or the onset of metastatic dissemination. Although the distinction influences prognosis and therapy, it may not be straightforward on histologic or clinical grounds. The human papillomavirus (HPV) is an etiologic agent for SqCCs arising from the oropharynx but not for SqCCs arising from other head and neck sites. For patients with HNSqCC who develop a lung SqCC, HPV analysis could be useful in establishing tumor relationships. High-risk HPV in situ hybridization was performed on 54 lung SqCCs from patients with a previously diagnosed HNSqCC and on 166 primary lung carcinomas from patients without a prior HNSqCC. HPV was detected in 11 of 220 (5%) cases. All HPV-positive cases were from patients with a prior oropharyngeal SqCC. For the paired oropharyngeal and lung SqCCs, HPV status was concordant in 95% of cases. Time from treatment of HPV-positive oropharyngeal carcinomas to detection of lung carcinoma ranged from 1 to 97 months (mean, 36 mo). Two HPV-positive cancers were detected in the lung 8 years after treatment of the oropharyngeal primary. Despite the long interval, E6 sequencing analysis of 1 of these paired samples confirmed that the tumors harbored the same HPV-16 variant. HPV does not seem to play a role in the development of primary lung cancer. For patients with oropharyngeal SqCC who develop lung SqCC, HPV analysis may be helpful in clarifying tumor relationships. These relationships may not be obvious on clinical grounds, as HPV-related HNSqCC may metastasize long after treatment of the primary tumor.
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Key Words: human papillomavirus, lung carcinoma, oropharyngeal squamous cell carcinoma, p16, lung metastasis (Am J Surg Pathol 2012; 36:142-148) P atients with head and neck squamous cell carcinoma (HNSqCC) are at risk of developing second primary tumors and distant metastases, and the lung is a common site for both. 22, 27, 37 The distinction between a second primary tumor and metastasis is critical: a second primary lung carcinoma may be low stage and resectable, whereas a metastasis is an ominous finding that heralds the onset of widespread tumor dissemination with no options for curative intervention. Although the distinction is important, it is often difficult. Pathologic evaluation is advocated for patients with HNSqCCs who are found to harbor solitary lung nodules, but conventional diagnostic studies including light microscopy and immunohistochemistry are generally useless when both carcinomas are of the squamous type. 1, 3 On clinical grounds, the length of disease-free progression represents an important distinguishing criterion. In most studies, a duration of 2 to 5 years is used as the threshold: an squamous cell carcinoma (SqCC) in the lung is regarded as a metastasis when detected within this time frame and as a new primary when detected beyond this threshold. 8, 10, 19, 30 Evidence supporting this clinical criterion is largely empirical, 14 and doubts about the accuracy of these time-honored practices have prompted novel strategies based on molecular genetic fingerprinting. Comparison of multiple tumors for patterns of microsatellite alterations, specific gene mutations, and other molecular genetic parameters has been advocated as a better way to clarify the fundamental distinction between a second lung carcinoma and a lung metastasis. 14, 15, 23, 36 Widespread integration of these novel strategies into routine clinical practice, however, has not been forthcoming. Transfer into the clinical arena has been limited by cost, technical feasibility, and the inherent instability of the genetic profile of a tumor over time.
Oncogenic human papillomavirus (HPV), especially type 16, has been established as a causative agent in a subset of HNSqCCs. 16 HPV is detected in up to 82% of oropharyngeal carcinomas 33 but is not commonly detected in HNSqCCs from nonoropharyngeal head and neck sites. This site selectivity has been used in efforts to establish the site of tumor origin for those patients with HNSqCC who develop metastases. As an important example, the detection of HPV in a cervical lymph node metastasis reliably points to the oropharynx as the site of tumor origin in those patients who present with a neck mass. 4, 5, 42 Some have advocated HPV detection as a means of distinguishing lung metastases from primary lung carcinoma, 39, 41 but this strategy is valid only to the extent that high-risk HPV does not cause lung cancer. To date, the role of HPV in the development of primary lung carcinoma is unclear, with detection rates ranging widely from 0% to 78%. 35 The purpose of this study was 2-fold: (1) to determine the prevalence of high-risk HPV in primary lung cancers using an in situ hybridization approach, and (2) to use HPV analysis as a means of clarifying tumor relationships in patients with HNSqCC who develop an SqCC in their lungs.
MATERIALS AND METHODS
Study approval was obtained from The Johns Hopkins Medical Institutions' Internal Review Board. The pathology files of the Johns Hopkins Medical Institutions were reviewed for all patients with a squamous carcinoma of the head and neck (HNSqCC), biopsied or resected between 1985 and 2010, who also developed a SqCC in their lungs. All slides were reviewed, and a formalin-fixed and paraffinembedded tissue block of the lung SqCC was selected for in situ hybridization and immunohistochemistry. For patients with primary oropharyngeal carcinomas, the corresponding HNSqCC was also analyzed. Medical records were reviewed to document tumor site, tumor stage, and the time interval from treatment of the HNSqCC to diagnosis of the SqCC in the lung.
The same pathology files were also reviewed to select 20 patients without a prior cancer who had undergone lung resections for primary SqCC of the lung showing prominent basaloid features. We specifically targeted basaloid SqCCs, as the basaloid phenotype has been associated with HPV infection in the oropharynx and other sites (eg, vulva, anus, penis). 6, 11, 13, 21 To evaluate a broader spectrum of primary lung carcinomas, tissue microarrays were constructed from a variety of lung cancer types including 74 adenocarcinomas, 46 SqCCs, 12 nonsmall-cell carcinomas (not otherwise specified), 11 large-cell/pleomorphic carcinomas, and 3 small-cell carcinomas. The tissue was obtained from routine formalin-fixed (10% buffered formalin), paraffin-embedded blocks, and 3 core samples were taken from each block to address tumor heterogeneity.
Immunohistochemistry
All of the carcinomas in the lung were evaluated by immunohistochemistry for expression of a biomarker of HPV E7 oncoprotein activity, the CDK-inhibitor p16. Five-micrometer sections of formalin-fixed and paraffinembedded tissues were deparaffinized and subjected to antigen retrieval using 10 mM citrate buffer (921C for 30 min). p16 expression was evaluated using a mouse monoclonal antibody against p16 (MTM Laboratories, Heidelberg, Germany) visualized using the Ultra view polymer detection kit (Ventana Medical Systems Inc., Tucson, AZ) on a Ventana Benchmark XT autostainer (Ventana). P16 expression was scored as positive if strong and diffuse nuclear and cytoplasmic staining was present in Z70% of the tumor. 33 
In Situ Hybridization
Five-micrometer sections from the tissue microarrays and the formalin-fixed paraffin-embedded tumor blocks were evaluated for the presence of HPV DNA by in situ hybridization. Two different detection assays were used. A type 16-specific assay was performed using the in situ hybridization-catalyzed signal amplification method for biotinylated probes (DAKO GenPoint, Carpinteria, CA). In brief, the 5-mm tissue sections underwent deparaffinization, heat-induced target retrieval in citrate buffer, and digestion using Proteinase K (Roche Diagnostics, Indianapolis, IN). Slides were subsequently hybridized with a biotinylated HPV-16 type-specific probe (DAKO, Carpintera, CA). Signal amplification was performed by consecutive application of a streptavidin-horseradish peroxidase complex and biotinyl tyramide. Visualization of positive hybridization signals was performed by incubation with the chromogenic substrate diaminobenzidine. For broader highrisk HPV detection, we also used the Ventana Inform HPV III Family 16 Probe (B) kit (Ventana Medical Systems, Tucson, AZ). For this assay the slides were conditioned using Ventana cell conditioner #2 and ISH-protease 3. Hybridization was performed using the HPV III Family16 probe set that captures HPV genotypes 16, 18, 33, 35, 45 , 51, 52, 56, and 66. Signals were detected using the ISH iView Blue Plus Detection Kit, which is an indirect biotinstreptavidin system that detects fluorescein-labeled probes. The kit uses an alkaline phosphatase enzyme and NBT/ BCIP substrate chromogen reaction that provides an intense blue, permanent color and a red counter stain. All reagents are provided prediluted and ready-to-use on BenchMark Series automated slide stainers (Ventana Medical Systems, Tucson, AZ). For both detection assays, punctate hybridization signals localized to the tumor cell nuclei defined an HPV-positive tumor. The HPV studies were reviewed by 3 surgical pathologists with experience interpreting in situ hybridization (J.A.B., P.B.I., and W.H.W.). HPV-16-positive controls included a case of an HPV-16-positive oropharyngeal cancer and the SiHa and CaSki cell lines. The SiHa cell line is known to harbor 1 to 2 copies of integrated HPV-16 per cell, and the CaSki cell line is known to harbor 60 to 600 copies of integrated HPV-16 per cell.
HPV E6 Sequencing
DNA was extracted from 5 slides of 5-mm-thick formalin-fixed paraffin-embedded tumor samples. Briefly, tissues were deparaffinizated using xylene and scraped off the slides, followed by digestion with 50 mg/mL proteinase K (Boehringer Mannheim) in the presence of 1% sodium dodecylsulfate at 481C for 2 days. DNA was then extracted using UltraPure Phenol:Chloroform:Isoamyl Alcohol reagents (Invitrogen, Carlsbad, CA) following the manufacturer's instructions. Full-length E6 was amplified using a polymerase chain reaction (PCR) reaction, purified, and sequenced with both forward and reverse primers. Sequencing data were then aligned to compare the E6 sequence with the previously described 23 HPV E6 variants. 40 
RESULTS
The results of HPV analysis are summarized in Table 1 and Figure 1 . A total of 68 patients were identified who had a primary HNSqCC and went on to develop an SqCC in their lungs. We were able to obtain tissue blocks for 54 cases, which were included in the study. Two patients had 2 primary HNSqCCs. In 32 cases, the lung carcinoma presented as a solitary mass, whereas in 21 cases there were multiple (>2) lung nodules; in 1 case, radiographic information was not available. There were a total of 166 primary lung SqCCs from patients without a prior HNSqCC. Overall, high-risk HPV was detected by in situ hybridization in 11 of the 220 (5%) carcinomas involving the lung. HPV was not detected in any of the 166 primary lung carcinomas from patients without a prior HNSqCC, but it was detected in 11 of 54 (20%) lung SqCCs from patients with a prior HNSqCC. In these patients, HPV was detected in 11 of 28 patients with an oropharyngeal primary but was not detected in any of the 26 patients with HNSqCC arising only from a nonoropharyngeal site (39% vs. 0%, P = 0.0003, the Fisher exact test, 2-sided). In 7 cases (64%), the HPVpositive lung cancer presented as a solitary mass, whereas the remaining 4 cases presented with multiple nodules. All 11 HPV-positive tumors demonstrated prominent basaloid features including a lobular pattern of growth, nuclear hyperchromasia, a high nuclear-to-cytoplasmic ratio, and absent-to-minimal keratinization.
The HPV status and histopathologic features of the tumor pairs were compared for those patients with oropharyngeal SqCC who developed an SqCC in their lung. Tissue blocks were available for 22 of the 28 oropharyngeal carcinomas. HPV status was concordant in 21 (95%) cases. In 10 cases the tumor pairs were HPV positive; and in 11 cases the tumor pairs were HPV negative. In these concordant HPV-positive cases, the basaloid phenotype was well developed in both the oropharyngeal carcinomas and the paired lung carcinomas (Fig. 2) . The single discordant case involved a patient with an HPV-positive oropharyngeal SqCC who developed an HPV-negative SqCC in the lung 14 months after treatment of the primary tumor. In the HPV-positive concordant cases, the time intervals from treatment of the oropharyngeal primary to detection of carcinoma in the lung were 1, 8, 11, 14, 15, 31, 32, 53, 96, and 97 months (range, 1 to 97 mo; mean, 36 mo; median, 23 mo).
Notably, 2 HPV-positive carcinomas were detected in the lung 8 years after treatment of the oropharyngeal primary. To address whether these tumor pairs were clonally related, we sequenced E6 to determine whether the specific HPV-16 variant in the oropharynx and lung was the same or different. For 1 of the patients, E6 sequencing confirmed that the tumor pair harbored the identical 131/2 GG HPV-16 variant. 40 E6 sequencing could not be performed in the other tumor pair because of insufficient tissue in the lung biopsy. P16 overexpression as visualized by immunohistochemical staining is commonly used as a surrogate marker for the presence of high-risk HPV. Overall, p16 overexpression was observed in 54 of 220 (24.5%) carcinomas involving the lung. In contrast to HPV detection by in situ hybridization, p16 overexpression in carcinomas involving the lung was not restricted to patients with previously detected oropharyngeal HNSqCCs. P16 overexpression was detected in 37 of 166 (22%) lung carcinomas from patients without any prior HNSqCC, including 3 of 3 (100%) small-cell carcinomas, 4 of 11 (25%) large-cell/ pleomorphic carcinomas, 15 of 74 (20%) adenocarcinomas, 14 of 66 (21%) SqCCs, and 1 of 12 (8%) nonsmallcell carcinomas not otherwise specified. Among the SqCCs, strong p16 staining was present in 8 of 20 (40%) tumors demonstrating the basaloid phenotype. For patients with a prior HNSqCC, p16 overexpression in the lung carcinoma was more common in patients with prior oropharyngeal carcinomas than in those without oropharyngeal carcinomas (54% vs. 8%, P = 0.0003, the Fisher exact test, 2-sided). 
DISCUSSION
In patients with HNSqCCs, a SqCC in the lung represents either another primary tumor or a metastasis. This distinction influences patient prognosis significantly and could guide treatment strategies, but the nature of the lung nodule is often difficult to discern using standard clinical and histologic parameters. Some have advocated a comparative analysis of various genetic parameters such as gene mutations or microsatellite alterations 14, 15, 23, 36 ; however, implementation has been constrained by cost, technical considerations, and the inherent instability of a tumor's genetic profile over time. HPV analysis is an attractive alternative because of the following reasons: HPV is an established causative agent for a subset of HNSqCCs; the incidence of these HPV-related HNSqCCs is rising to the point that they now dominate the head and neck oncology landscape; and HPV tumor analysis is relatively straightforward, using widely available in situ and immunohistochemical techniques. The feasibility of this approach was demonstrated in a study by Weichert et al, 39 in which concordant HPV positivity was taken as evidence of metastatic spread for patients with primary SqCCs of the cervix or head and neck who developed SqCCs in their lungs. Using a larger number of cases, we confirm that the presence of high-risk HPV in lung carcinomas is entirely restricted to patients with HPVrelated SqCC of the oropharynx, and its detection reliably discriminates lung metastases from primary lung cancers in patients with HPV-related HNSCC. HPV analysis may be particularly valuable in those situations in which the relationship between the tumor in the oropharynx and lung is clouded by the clinical and/or radiographic picture, such as when an HPV-positive metastasis presents as a solitary lung nodule (as in 64% of our cases) or when the lung metastasis is discovered many years after treatment of the HPV-positive oropharyngeal cancer.
Our inability to detect HPV in primary lung carcinomas not only strengthens the use of HPV testing as a discriminatory diagnostic tool but also helps to address a fundamental question regarding lung cancer causation. Persistent uncertainty regarding the role of high-risk HPV in lung cancer development largely reflects widely disparate detection rates ranging from 0% to 78%. 35 Studies demonstrating a high prevalence of HPV in primary lung cancers have primarily used nonquantitative PCR-based assays that are unable to distinguish infections that are biologically relevant from those that are not. 7, 9, 20, 24, 38, 43 Unlike those PCR-based detection methods, in situ hybridization permits direct visualization of viral tissue distribution. The assay used in this study has single viral-copy sensitivity and is strongly correlated with HPV E6 and E7 oncogene expression-the gold standard for defining a tumor as being HPV associated. 32, 34 In effect, a pattern of hybridization signals localized to the nuclei of a clonally expanded population of neoplastic cells supports a viral role that is causal rather than incidental. Results based on in situ hybridization suggest that PCR-based analysis may vastly overestimate the frequency and relevance of HPV in primary lung cancers. Lim et al 26 were unable to detect any HPV positivity among 110 primary lung adenocarcinomas, and we did not detect HPV among a broader range of primary lung carcinomas, including SqCCs with the basaloid phenotype-a phenotype that is commonly associated with HPV infection in nonpulmonary sites including the oropharynx, vulva, penis, and anus. 6, 11, 13, 21 Overexpression of p16 is observed when pRb is inactivated by the E7 oncoprotein of oncogenic HPV type. 18 By contrast, p16 expression is not detectable in HPV-negative HNSqCCs because of (epi)genetic silencing. 28 Accordingly, p16 overexpression as detected by immunohistochemical staining is now widely accepted as a surrogate marker for the presence of high-risk HPV in oropharyngeal SqCCs. In the lung, the Rb gene may be inactivated by mechanisms other than E7 oncoprotein expression, 29 yet still resulting in high levels of p16 expression. Consequently, high levels of p16 protein may be encountered in lung carcinomas that are entirely unrelated to high-risk HPV. 17, 31 In this study, for example, 22% of all primary lung carcinomas and 21% of primary lung SqCCs were p16 positive in the absence of high-risk HPV. P16 expression in a significant proportion of primary lung carcinomas cautions against the use of p16 immunohistochemical staining as a surrogate marker for HPV infection when dealing with carcinomas that involve the lungs.
Although up to 80% of oropharyngeal carcinomas are HPV positive, most of the SqCCs that arose in the lungs of patients with oropharyngeal carcinomas were HPV negative. This observation is not altogether unexpected. First, HPV-positive HNSqCCs demonstrate higher intrinsic sensitivity to radiation therapy and chemotherapy. 2, 12 The differential response to chemotherapy observed locally and regionally could also explain the disproportionately low incidence of HPV-positive oropharyngeal carcinomas at distant sites. Second, HPV positivity is associated with lower exposure to tobacco and, in turn, has a lower association with smoking-related second primary tumors. 2, 25 Some of the lung SqCCs in the lungs of patients with HPV-negative oropharyngeal carcinomas may represent smoking-related second primary tumors.
HPV detection as a means of tracking disease progression helps disclose patterns of true clinical behavior in ways that may challenge long-held notions based on empirical findings. As an example, a long time interval from treatment of head and neck carcinoma to detection of carcinoma in the lung has been intuitively taken as evidence of a second independent lung primary. 8, 10, 19, 30 On the basis of concordant HPV positivity, we identified 2 patients who developed lung metastases 8 years after treatment of their oropharyngeal primaries, well beyond the 2-year to 5-year interval that is usually set as the threshold for distinguishing primary from metastatic SqCCs of the lungs. The coincidental development of 2 independent primary HPV-related SqCCs is highly improbable, as we were unable to detect HPV in lung cancers arising in patients without oropharyngeal primaries including those SqCCs of the lung with prominent basaloid features. Moreover, HPV E6 sequence analysis of one of the oropharyngeal/lung cancer pairs revealed the same variant of HPV type 16, further supporting a lung metastasis despite an 8-year interval. HPV positivity is recognized as a powerful prognostic factor signaling improved survival for patients with HNSqCC, 2,12 but the potential for these virus-related tumors to metastasize long after curative therapy argues for extended patient follow-up.
